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Abstract 
The injection of CO2 to the formation may cause the tensile failure of the formation rock. The short term effect of CO2 on the 
tensile failure behavior of sandstone with or without the combined effect of water was investigated in this paper. Hollow cylinder 
method was adopted to fracture the sandstone samples under four types of pore fluid condition: dry, dry with CO2, water wet and 
wet with CO2. The experimental results indicated that the effective fracturing pressure of the samples under the same pore fluid 
condition varied linearly with the effective confining pressure in the range of 1.0-6.0MPa. Existence of water resulted in a slight 
weakening of 5.638% on the tensile strength. But the tensile fracturing behavior of the sandstone was not obviously affected by 
gaseous CO2 with or without the combined effect of water. The findings can be a reference for the mechanical stability evaluation 
of the formation in CO2 storage.  
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1. Introduction 
The injection of CO2 to the formation may cause the fracturing of the formation rock, and even induce some 
geomechanical issues such as reduced integrity of the caprock [1] and wellbore and unintentional fracturing of the 
reservoir. As a result, the mechanical behaviour of rock with CO2 has received much research attention. The effect 
of CO2 on the rock mechanical behaviour can be divided into chemical effect and physical effect. In a long time 
period, chemical effect of CO2 will cause the porosity, permeability, and mechanical strength of rock to change with 
time, and there are plenty of experimental data for these phenomenon [2]. While in the short time period, the 
physical effect will be more remarkable. It is necessary to investigate the short term effect of the CO2 on the rock 
fracturing behaviour. E. Liteanu et al. [3] performed conventional triaxial deformation experiments on the chalk 
with the influence of supercritical CO2 and water, and found that the addition of supercritical CO2 to wet samples 
did not produce any significant additional effect in comparison with the wet samples. Suzanne Hangx et al. [4] 
conducted conventional triaxial creep experiments on the poorly consolidated, carbonate- and quartz-cemented 
sandstone, combined with the flowing of CO2-rich brine, but no measurable rock strength reduction was 
observed. These works focused on the shear fracturing of the rock in the CO2 environment. However, tensile 
fracturing can also occurred during the injection of CO2 [5], but the experimental data of tensile fracturing on rock 
with the effect of CO2 is rare. Ojala I O [6] measured the tensile strength of sandstone, shale and chalk with the 
presence of CO2 by Brazilian tests, and found that it was not markedly affected. The fracturing of rock can be 
divided into crack initialization stage and crack propagation stage [7]. In the crack propagation stage, the pore fluid 
pressure in the newly generated crack space is lower than the around pore space due to the sudden volume 
expansion. The CO2 in the pore space will permeate to the crack space because of the pressure difference and 
produce a seepage force to restrain the crack development. The experimental studies on the rock failure under the 
influence of CO2 considering this effect was not reported yet. 
In this work, hollow cylinder method, in which fluid can be sealed within the rock pore under the effect of 
internal pressure, confining pressure and axial pressure, was applied to conduct the tensile fracturing on Zigong 
sandstone. This method has been used to investigate the mechanical properties of rock such as strength [8], 
deformation [9-10] and stress path effect [11], and also the interaction between rock and fluid [12-14]. Fracturing 
pressures of samples under four types of pore fluid conditions was obtained and studied to analyse the short term 
effect of CO2 on the tensile failure of sandstone. 
2. Experiments 
2.1. Experimental equipment 
An experimental system named hollow cylinder tensile tester was developed to conduct tensile test on rock under 
different fluid conditions. The schematic diagram of the system are shown in Fig.1. This system consists of a three-
dimensional loading system, a pore fluid control system, a data collection system, a temperature control system and 
a pressure chamber. The shape of the sample was designed as hollow cylinder to form pressure seal of the pore fluid 
by imposing axial pressure, confining pressure and internal pressure on the surfaces of the sample. The stress state of 
the sample in the chamber is described in Fig.2. Of these pressures, the axial pressure is provided by a manual pump 
and the other two pressures are hydraulic pressures imposed by two high precision syringe pumps (Teledyne ISCO 
500D&100D). The internal pressure can produce a tensile hoop stress in the sample, which will induce a tensile 
fracturing when it exceeds the tensile strength of rock. The pore fluid control system is controlled by a syringe pump 
(Teledyne ISCO 260D), which is able to inject pore fluids such as CO2 and water into the rock pore. All of the 
syringe pumps are connected to a computer to transmit and record experimental data, including the data of pressure, 
flow rate and volume of fluids. A water bath is used to heat the pressure chamber and syringe pumps. The sample is 
placed in the chamber and jacketed in Teflon heat shrink tubing, which is to separate the pore fluids from the 
hydraulic fluids of the confining and internal pressure. Copper sheet and Teflon film with small holes are placed on 
the upper and lower surface of the sample to decrease the end friction effect of the experiment. 
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The sandstone studied in this paper was adopted to conduct 5 repetitive tests to verify its homogeneity and the 
reliability of the equipment. The coefficient of standard deviation of the tests was 1.64% at axial pressure of 20MPa, 
confining pressure of 7MPa and pore water pressure of 1MPa, indicating the good homogeneity and reliability. 
2.2. Experimental procedure 
The procedure of the experiment was divided into following steps: 
x Installing. 
Using the heat shrink tubing to jacket the sample on the internal and outside surface to separate the pore fluid 
from the pressure fluid of the confining and internal pressure, and placing the copper sheet and Teflon film on the 
ends of sample in order when installing the jacketed sample into the pressure chamber.  
x Saturating.  
The axial pressure, confining pressure and internal pressure were imposed in turn to form the seal for pore fluid. 
The space of rock pore and connected pipelines were vacuumized for 6 hours before injecting fluid. The pore 
fluid was then injected into the rock and held at a constant pressure by the ISCO pump. 
x Fracturing.  
In order to fracture the sample, the internal pressure was pressurized by injecting the pressure fluid at a constant 
rate into the hollow of the sample. The fracturing can be judged by the sudden drop of the pressure, and 
accordingly the peak pressure was the fracturing pressure. 
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Fig. 1 The schematic diagram of hollow cylinder tensile tester.                      Fig.2 The stress state of the sample in the pressure chamber 
 
2.3. Description of samples 
Hollow cylinder samples measuring 20mm in internal diameter, 50mm in external diameter and 100mm in length 
were cored from the homogeneous Zigong sandstone from Sichuan Province, China. An X-ray powder diffraction 
test was performed on the sandstone, showing that it consists of 97.73% quartz, 1.82% kaolinite and 0.45% sodalite. 
The permeability of the samples was tested to be 8.6E-15m2. 
2.4. Experimental conditions 
All together 12 groups of experiments carried out, and can be classified into 4 types based on their pore fluid 
conditions as following: 
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x Dry samples fractured at confining pressure in the range of 1.0-6.0MPa. 
x Dry samples saturated with gaseous CO2 fractured at a pore fluid pressure of 2.0MPa and effective confining 
pressure in the range of 1.0-6.0MPa. 
x Samples saturated with water fractured at a pore fluid pressure of 1.0MPa and effective confining pressure in the 
range of 1.0-6.0MPa. 
x Wet samples saturated with gaseous CO2 fractured at a pore fluid pressure of 2.0MPa and effective confining 
pressure in the range of 1.0-6.0MPa. This condition was formed by using CO2 to flood the water saturated sample 
sufficiently and then keeping CO2 at pressure of 2.0MPa. 
For all the experiments, the temperature was held at 25f0.2ć, the injection rate to pressurize the internal 
pressure was 0.3min/min, and the axial pressure applied was 20.0MPa. 
3. Results and Discussion 
Fig.3 (a)-(c) were the curves of effective internal pressure versus time during the fracturing for the tests at the 
effective confining pressure of 1MPa, 3MPa, 6MPa, respectively. These curves describing the behavior of fracturing 
were similar in terms of the shape. For each test, the effective internal pressure increased at an approximately 
constant rate with time during the injection of pressure fluid into the hollow, and then sudden dropped to a lower 
level, which implied the occurrence of tensile failure on the sample. The maximum effective internal pressure was 
identified as the effective fracturing pressure, which was listed in Tab.1 for each test. Based on the table, the 
relationship between the effective fracturing pressure and the effective confining pressure in all the tests was plotted 
in Fig.4. For the tests under the same pore fluid condition, the effective fracturing pressure increased linearly with 
the increasing of effective confining pressure as shown in Fig.4. At the effective confining pressure of 1MPa, dry 
sample saturated with CO2 had the highest effective fracturing pressure of 5.322MPa, while the sample saturated 
with water had the lowest of 4.806MPa. At the effective confining pressure of 3MPa and 6MPa, the dry samples 
saturated with CO2 fractured at the highest effective fracturing pressure of 9.948MPa and 17.366MPa respectively, 
while the wet samples saturated with CO2 had the lowest effective fracturing pressure of 8.820MPa and 16.249MPa 
respectively. 
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Fig. 3. The variation of effective internal pressure with time for tests at effective confining pressure of 1MPa (a), 3MPa (b), 6MPa (c), 
respectively. 
 
Table.1 Experimental conditions and results  
Number Pore fluid  Pore fluid 
pressure (MPa) 
Axial 
pressure 
(MPa) 
Confining 
pressure (MPa) 
Effective 
confining 
pressure 
(MPa) 
Fracturing pressure 
(MPa) 
Effective fracturing 
pressure (MPa) 
1 Dry / 20.0 1.0 1.0 5.220 5.220 
2 Dry / 20.0 3.0 3.0 9.756 9.756 
3 Dry / 20.0 6.0 6.0 16.989 16.989 
4 Dry, CO2 2.0 20.0 3.0 1.0 7.322 5.322 
5 Dry, CO2 2.0 20.0 5.0 3.0 11.948 9.948 
6 Dry, CO2 2.0 20.0 8.0 6.0 19.366 17.366 
7 Water 1.0 20.0 2.0 1.0 5.806 4.806 
8 Water 1.0 20.0 4.0 3.0 10.257 9.257 
9 Water 1.0 20.0 7.0 6.0 17.332 16.332 
10 Wet, CO2 2.0 20.0 3.0 1.0 7.061 5.061 
11 Wet, CO2 2.0 20.0 5.0 3.0 10.820 8.820 
12 Wet, CO2 2.0 20.0 8.0 6.0 18.249 16.249 
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Fig. 4. The plots of effective fracturing pressure versus effective confining pressure for all the tests. 
The effective fracturing pressure of the experiments were compared in terms of three types, and the differences 
were calculated as shown in Tab.2. The differences of each comparison had no obvious relationship with the 
variation of effective confining pressure. The average difference of the effective fracturing pressure between dry 
samples and dry samples saturated with CO2 at the same effective confining pressure was 2.047%. Taking the 
coefficient of standard deviation of 1.64% of the repetitive tests into account, the existence of CO2 in the dry sample 
was considered has no markedly influence on the tensile failure. In the comparison of dry samples and samples 
saturated with water, it was indicated that the existence of water receded the tensile strength of the sandstone by 
5.638%. The average difference between water saturated samples and wet samples saturated with CO2 was 0.026%, 
indicating that the strength of the sandstone was not markedly affected by CO2 in the water environment. 
Table.2 Differences calculated from three types of comparison at the effective confining pressure of 1MPa, 3MPa and 6MPa respectively. 
Type of comparison Pec=1MPa Pec=3MPa Pec=6MPa Average difference (%) 
Dry vs. Dry,CO2 -1.954% -1.968% -2.219% -2.047% 
Dry vs. Water 7.931% 5.115% 3.867% 5.638% 
Water vs. Wet,CO2 -5.306% 4.721% 0.508% 0.026% 
4. Conclusions 
In this study, we aimed to determine the short term effect of CO2 on the tensile failure of sandstone. The tensile 
fracturing pressures of hollow cylinder samples cored from the Zigong sandstone were measured by the hollow 
cylinder tensile tester under four types of pore fluid condition: dry, dry with CO2, water wet, wet with CO2. The 
experiments were conducted at effective confining pressure of 1.0-6.0MPa, and axial pressure of 20.0MPa. The main 
findings are: 
(1) The effective fracturing pressure of the samples varied linearly with the effective confining pressure in the range 
of 1.0-6.0MPa. 
(2) Addition of water to the sandstone resulted in a slight weakening of the tensile strength, while in this study, the 
percent was 5.638%. 
(3) Under the experimental conditions, the tensile fracturing of the sandstone was not markedly affected by gaseous 
CO2 with or without the combined effect of water. 
 Mingze Liu et al. /  Energy Procedia  63 ( 2014 )  3357 – 3363 3363
Acknowledgements 
This work was supported by project (11102218) of the National Natural Science Foundation of China. 
References 
[1] Shukla R, Ranjith P, Haque A, et al. A review of studies on CO2 sequestration and caprock integrity[J]. Fuel, 2010, 89(10): 2651-2664. 
[2] Dawsona G K W, Sidiqb H, Pearcea J, et al. ANLEC Project 3-1110-0101: Review of laboratory-scale geochemical and geomechanical 
experiments simulating geosequestration of CO2 in sandstone, and associated modelling studies[J]. 2013. 
[3] Liteanu E, Spiers C J, de Bresser J H P. The influence of water and supercritical CO2 on the failure behavior of chalk[J]. Tectonophysics, 
2013, 599: 157-169. 
[4] Hangx S, van der Linden A, Marcelis F, et al. The effect of CO2 on the mechanical properties of the Captain Sandstone: Geological storage of 
CO2 at the Goldeneye field (UK)[J]. International Journal of Greenhouse Gas Control, 2013, 19: 609-619. 
[5] Rutqvist J, Birkholzer J T, Tsang C F. Coupled reservoir–geomechanical analysis of the potential for tensile and shear failure associated with 
CO2 injection in multilayered reservoir–caprock systems[J]. International Journal of Rock Mechanics and Mining Sciences, 2008, 45(2): 132-
143. 
[6] Ojala I O. The effect of CO2 on the mechanical properties of reservoir and cap rock[J]. Energy Procedia, 2011, 4: 5392-5397. 
[7] Song I, Suh M, Won K S, et al. A laboratory study of hydraulic fracturing breakdown pressure in tablerock sandstone[J]. Geosciences Journal, 
2001, 5(3): 263-271. 
[8] PéRIé P J. Laboratory investigation of rock fracture on borehole [Ph.D. Thesis] [D]. Berkeley, USA: University of California, 1990. 
[9] Alsayed M I. Utilising the Hoek triaxial cell for multiaxial testing of hollow rock cylinders[J]. International Journal of Rock Mechanics and Mining 
Sciences, 2002, 39(3): 355-366. 
[10] Kanj M, Abousleiman Y, Ghanem R. Poromechanics of anisotropic hollow cylinders[J]. Journal of engineering mechanics, 2003, 129(11): 1277-1287. 
[11] Lee D H, Juang C H, Chen J W, et al. Stress paths and mechanical behavior of a sandstone in hollow cylinder tests[J]. International Journal of Rock 
Mechanics and Mining Sciences, 1999, 36(7): 857-870. 
[12] Song I, Suh M, Won K S, et al. A laboratory study of hydraulic fracturing breakdown pressure in tablerock sandstone[J]. Geosciences Journal, 2001, 
5(3): 263-271. 
[13] Monfared M, Delage P, Sulem J, et al. A new hollow cylinder triaxial cell to study the behavior of geo-materials with low permeability[J]. 
International Journal of Rock Mechanics and Mining Sciences, 2011, 48(4): 637-649. 
[14] Li X, Lu J, Bai B, et al. Development of hollow-cylinder tensile tester in two-phase fluids[J]. Chinese Journal of Rock Mechanics and Engineering, 
2012, 8: 005. 
 
 
